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A B S T R A C T
Amorphous Germanium Antimony Sulphide (Ge-Sb-S) doped with Cobalt (Co) have been deposited on glass
substrates by thermal evaporation technique on a glass substrate. The ﬁlms deposited onto glass substrates are
characterized by Energy Dispersive X-ray Fluorescence Spectrometer, UV–VIS spectrophotometer, Raman
spectroscopy, and Capacitance-Voltage Keithley meter. The optical band gap was calculated from the UV–Visible
spectrum and found to be 2.05 eV. Raman spectroscopy measurements reveal that a wide band spectrum from
300 to 410 cm−1 centered at 355 cm−1. The Raman shift peaks at 325 cm−1 and 350 cm−1 are as-signed to the
bond stretching mode Sb-S and Ge-S, respectively. In addition, from the obtained Raman spectra it is concluded
that the presence of Co doped with Ge-Sb-S. The capacitance and conductance versus voltage measurements
were performed at diﬀerent temperatures. The results show a slight increase in the capacitance with temperature
and it reaches a maximum value around 150 °C, and eventually it becomes negative. This behavior is interpreted
in terms of the nucleation growth process and the thermally activated conduction process with measured acti-
vation energy of 0.79 eV.
Introduction
Due to their numerous applications in several ﬁelds, chalcogenide
materials have received appreciable consideration for fundamental re-
search [1–4]. These materials have become of interest in memory de-
vices after 1960′s when Ovshinski suggested a reversible and rapid
amorphous-crystalline phase change (PC) [5]. The switching between
the two states can be accomplished either by light or by electrical
pulses. Ternary Tellurium alloys such as Ge-Sb-Te are commonly used
as active materials for electronic Pc memories [3,6,7]. In these mate-
rials, the transition between the two states occurs as they are heated up
above crystalline temperature by a current pulse which is suﬃciently
applied to make the material crystallizes [8]. Crystallization in amor-
phous semiconductors occurs due to nucleation followed by growth
processes [1,9]. At the beginning, crystalline nuclei are formed, then by
increasing the temperature they grow up to form crystalline islands.
The growth of the crystalline islands of the ﬁlm is accomplished by
varying some of its electrical properties such as capacitance [10]. It is
found that the capacitance of Ge-Sb-Te is equivalent to a parallel plate
capacitor of dimensions associated to the ﬁlm thickness and the dis-
tance between the crystalline islands separated by a dielectric amor-
phous material.
The electrical conductivity of about 10-4 (Ω.cm)-1 for Ge-Sb-Te ﬁlms
allows the capacitance measurements to happen [10,11]. Although
tellurium-based compounds such as Ge-Sb-Te ﬁlms are the most pop-
ular phase change materials, scientists would like to avoid using them
in all applications especially the production lines of memory devices
due to their hazardous eﬀects on the environment [12-14]. Some of the
Tellurium (Te) free phase change materials such as Ge-Sb showed a
limited crystal-growth [9]. Sulphur (S) is an alternative element to re-
place Tellurium (Te) in alloys such as Ge30Sb10S60, which is widely
studied [7,15–17]. For low power devices, the low conductivity of S
based ﬁlms of about 10-9 (Ω. cm)-1 and consequently, the low possible
current is not suﬃcient to heat and activate the material to perform an
amorphous- crystalline phase transformation. It is reported that al-
loying Ge30Sb10S60 with transition elements such as Cobalt atoms en-
hances the electrical conductivity by few orders of magnitude [15], and
reduces the optical gap towards lower energy values [18]. In this work,
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T
we investigate the optical band gap and Raman spectroscopy of Ge-Sb-S
doped with Cobalt. Also, we study the variation of capacitance and
conductance of thin ﬁlms.
Experimental
Thermal evaporation process was used to form thin ﬁlms of about
1 μm thickness onto glass substrate of melt- quenched glasses of the
Ge30Sb10S60+Co. Thermal evaporation is the standard and most
popular technique used for depositing chalcogenide materials. It is
popular for chalcogenides due to their relatively law melting point, and
it is ultimately the cheapest and can still provide suﬃcient thin ﬁlm
deposition with high purity. The chemical composition of the prepared
thin ﬁlms was determined by Energy Dispersive X-ray Fluorescence
Spectrometer (Shimadzu 7000). The optical absorption spectra were
obtained using Jasco UV–Visible spectrophotometer. In order to get the
phonon vibrational study of the Ge30Sb10S60 doped by Co, the XploRA
ONE Raman microscope from Horiba, with 765 nm excitation laser
light, was used to carry out Raman spectroscopy measurements. The
electrical contacts were connected to two parallel gold electrodes which
were evaporated on the top of a glass substrate followed by ﬁlm de-
position and producing an active area of 1×1mm2. The capacitance-
voltage and the conductance measurements were done by the help of
590 CV Keithley meters which operates at 100 kHz frequency. The
measurements were done for diﬀerent temperatures, and for each
temperature the voltage was swept from −20 to+20 V. However, the
temperature of the sample was measured by a K-type thermocouple,
and it was increased at a rate of 10 °C/min inside argon gas to avoid
oxidation.
Results and discussion
EDX Fluorescence Spectrometer analysis
Fig. 1 shows the chemical composition of the prepared thin ﬁlms
measured by Energy Dispersive X-ray Fluorescence Spectrometer. In the
picture, the colored concentric circles represent the diﬀerent collimator
sizes that can be used to focus on the sample, such as 1mm, 3mm,
5mm, and 10mm. One can choose diﬀerent collimator size to focus on
the sample and it will give the elemental composition in that particular
region. The green colored ring represents the collimator which has been
chosen for the analysis in Fig. 1, which has 5mm diameter. The ele-
mental atomic percentage in the thin ﬁlm was found to be
Ge18.99Sb16.91S63.99Co0.12. The diﬀerence in the composition of the ﬁlm
from the melt-quenched glass is due to the diﬀerence in the melting
point of the constituents in the precursor compound.
UV–Vis absorption and optical band gap
Optical absorption measurement is a widely used technique to
characterize the electronic properties of materials, through the de-
termination of the parameters describing the electronic transitions. The
analysis of the ultraviolet/visible absorption spectrum of the thin ﬁlms
provides information about the absorption coeﬃcient α, and the band
gap can be deduced. A widespread model used to determine the optical
properties of amorphous semiconductors is the Tauc model [19]. It’s a
plot of the square root of the product of α and the energy of the ab-
sorbed light αhv( )1/2 against the photon energy (hv) where h is Planck’s
constant and v is the frequency of the absorbed light. The Tauc plot of
thin ﬁlm Ge18.99Sb16.91S63.99Co0.12, is shown in Fig. 2, and the inset
Fig. 2 exhibits absorption edge at about 590 nm (2.1 eV). The optical
band gap is determined from the crossing of the extrapolation of the
linear part of the curve with the energy axis. The estimated value for
the optical energy gap in the ﬁlm is ≅E eV2.05g . Huang and co-
workers showed that the optical band gap of Ge-Sb-S for diﬀerent ele-
ment atomic percentage composition of thin ﬁlms between 2.16 and
2.58 eV [6]. The value of the optical band gap, 2.05 eV is less than
ﬁnding in literature [6,17,20] and it can be attributed due to Co doping
in Ge-Sb-S. It is reported that by introducing small amounts of metal,
fraction of atomic percent, results in a minor change in optical energy
gap [18].
Raman spectroscopy analysis
Fig. 3(a) and (b) shows Raman shift spectrum of Ge-Sb-S doped with
Co that have been measured from 50 to 700 cm−1 with high and low
power laser using density ﬁlter. The results show that the peaks of
Raman spectrum at low power laser were clearly and give more in-
formation about the materials than the high power laser.
The broad band centered at about 355 cm−1 in Fig. 3(a). corre-
sponds to the vibrational modes of heteropolar Ge-S and Sb-S bonds in
the Sb2S3 tetrahedral and GeS2 pyramidal structural units [21]. These
heteropolar bonding are more obvious in Fig. 3(b). at 325 cm−1 for Sb-S
bonds and the shoulder at about 350 cm−1 for Ge-S bonds. Further-
more, the peaks around 425 and 447 cm−1 are due to the bond
stretching of S-S (S8) which is very well known in Sulphur, whose
Fig. 1. Thin ﬁlm of Ge30Sb10S60 doped with Co measured by Energy Dispersive
X-ray Fluorescence Spectrometers. The element atomic percentage in the thin
ﬁlms was found to be Ge= 18.99%, Sb= 16.91%, S= 63.99%, and
Co=0.12%.
Fig. 2. αhv( )1/2 against the photon energy hv( ) for the ﬁlm. The intercept of the
dashed line with the energy axis gives the energy band gap of the alloy.
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atoms are integrated into the ﬁlm structure in the form of -S-S- group
bridging [6,22]. At 219 cm−1 and 175 cm−1, these Raman peaks belong
to Ge-Ge homopolar and Sb-Sb bonding, respectively. It has been re-
ported that two peaks appear in the spectra at 110 and 146 cm−1 when
a Ge-Sb-S ﬁlm is exposed to an energetic laser beam, and become more
obvious in Ge-rich ternary alloys spectra. These two peaks are similar to
that at 100 and 140 cm−1 of the spectrum in Fig. 3(b), and are attrib-
uted to the crystalline Sb [6]. Raman spectrum shown in Fig. 3(a). from
500 to 700 cm−1 also shows peaks centered at 548 and 630 cm−1
which did not appear in the reported Raman spectrum for pure Ge-Sb-S
ﬁlms [6,21]. The appearance of these peaks could be explained by the
existence of cobalt bonding such as Co-S in the Co doping Ge-Sb-S ﬁlms.
It is worth noting that similar Raman shift peaks were observed in the
spectrum of cobalt oxide and cobalt cement [23,24].
Electrical measurements
The capacitance of the thin ﬁlms was measured as a function of
temperature at 100 kHz frequency and applied potentials ranging from
−20 to+20 Volts is shown in Fig. 4. At the beginning, the capacitance
increases by an amount of 0.15 pF to its maximum value at about
150 °C. Beyond this temperature, the capacitance starts to decrease and
it gets negative for temperatures above 230 °C. This behavior of the
capacitance with temperature is similar to what was observed in
Ge2Sb2Te5 ﬁlms [10]. Varying the applied potential has no remarkable
eﬀect on the measured capacitance of the thin ﬁlms, which means that
the capacitance is ﬁeld independent at all temperatures except at
240 °C, where a shallow variation in the capacitance is observed. Using
590 CV Keithley meter in measuring the capacitance enables measuring
the conductance (G) of the ﬁlms simultaneously. In Fig. 5. the depen-
dence of the conductance of the thin ﬁlms is demonstrated as a function
of the applied potential and at diﬀerent temperatures. Similar to
semiconductors, the conductance in the ﬁlm increases with tempera-
ture. The conductance (G) versus the inverse of temperature (1/T) is
shown in Fig. 6. From the slope of this ﬁgure, the calculated activation
energy of about 0.79 eV is responsible for thermally activated conduc-
tion.
As the temperature in amorphous semiconductors increases, small
crystalline nuclei are initially formed and then start to grow, in what is
known as nucleation and growth process [25]. During this process, the
nuclei grow in area and form crystalline islands separated by the
amorphous medium as presented in Fig. 7. By increasing the tempera-
ture, the area of the crystals (A) increases and therefore, the separation
Fig. 3. Raman spectra of Ge-Sb-S doped with cobalt. The wavelength of the exciting laser beam used was 765 nm. (a) without density ﬁlter and (b) with density ﬁlter
0.1.
Fig. 4. Capacitance variation of the ﬁlm as a function of temperature at dif-
ferent applied bias voltages, ranged from −20 to+20 V at 100 kHz frequency.
Fig. 5. The conductance of the ﬁlm as a function of applied bias voltage (−20 V
to+20 V) at diﬀerent temperatures ranged from 20 to 260 °C. The frequency
used is 100 kHz.
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between them (d) decreases. The ﬁlms composed of the crystalline is-
lands surrounded by amorphous material can be considered as combi-
nation of capacitors connected in series and parallel. The equivalent
capacitance (C) of such combination can be determined by measuring
the capacitance of the thin ﬁlm experimentally by the C-V meter with
applying AC voltage across the ﬁlm. In Fig. 5 the capacitance variation
can be interpreted by Eq. (1):
= ⎡
⎣⎢
−
+
⎤
⎦⎥
C Aε
πd
πτσ
ε ω τ4
1 4
(1 )2 2 (1)
where, A is the thickness of the ﬁlm, t, multiplied by the eﬀective length
of the crystalline island (the area of the plate capacitor) and d is the
separation between the crystalline islands (dielectric thickness), τ is the
dielectric relaxation time, ε is the dielectric constant, and σ is the dc
conductivity of the amorphous material between the crystals [26]. At
low temperature, the conductivity of the ﬁlm is dominated by that of
the amorphous and it is relatively low as shown in Fig. 4. In Eq. (1), the
conductivity appears in the second term. Therefore, a low value pro-
duces in signiﬁcant contribution to the capacitance, and then, the ca-
pacitance becomes:
=C Aε
πd4 (2)
The material is mainly amorphous at low temperature, while the
crystalline part is small in size resulting in a relatively large separation
(d) between crystals. Accordingly, a small value of the capacitance
should be obtained by Eq. (2). However, increasing temperature will
relocate the molecules and the atoms towards minimizing energy,
where crystals nucleation and growth process starts. Growing in the
crystalline size leads to an increase in the cross sectional area (A) and to
a decrease in the crystal separation (d). Therefore, an increment in the
measured value of the capacitance at low temperature can be con-
sidered as an indicator for crystallization to occur. The increase in the
measured capacitance, 0.15 pF, is similar to that observed in Ge-Sb-Te
ﬁlms [10,27] which are considered as good phase change materials for
memory devices. Other materials showed temperature independent
capacitance where the crystallization process is growth-limited similar
to that observed in Ge-Sb [9].
The capacitance in Eq. (1) is also aﬀected by the conductivity of the
ﬁlm, which is altered by temperature as shown in Fig. 5. Here, the
conductance (G) is the reciprocal of the resistance (R), therefore,
G=1/ R= σA/ l. At a certain high conductivity value, the second term
becomes more signiﬁcant than before, that leads to a decrease in ca-
pacitance as the temperature increases. Therefore, at high temperatures
above 150 °C, the capacitance decreases until it gets negative as shown
in Fig. 4. Negative capacitance phenomena have been noticed in pre-
vious studies of other semiconductors such as Ge2Sb2Te5 [27],
Cd3As2 [28], CdTe [29], and CdSe [30].
The dependence of the conductance on temperature (Fig. 6) shows
that the Cobalt doped Ge-Sb-S thin ﬁlms is thermally activated ac-
cording to the Arrhenius relation:
= −G G e E k T0 /v B (3)
where Go is a pre-exponential factor related to the material, Eν is the
conduction activation energy, T is the temperature and kB is the
Boltzmann's constant. From the slope of Fig. 6, the calculated activation
energy is 0.79 eV. It is very well known in semiconductors that this
activation energy is measured from Fermi energy level (EF) to a relevant
band edge if one type of charge carriers dominates the electric con-
duction process.
In chalcogenide semiconductors, the Fermi level (EF) is almost in the
middle of the energy gap [31–33], and consequently, this optical band
gap can be estimated to be twice the value of the activation energy.
Herein, for Co doped Ge-Sb-S ﬁlm, the optical energy gap Eg= 2.05 eV
is slightly higher than 2EF= 1.58 eV. It could be attributed by in-
corporating small amounts of Co doped in Ge-Sb-S ﬁlm.
Conclusions
Using capacitance-voltage measurements for investigating the
electrical properties of the thermally evaporated
Ge18.99Sb16.91S63.99Co0.12 ﬁlm provides an insight into the crystal-
lization as a function of temperature. At low temperatures, crystal-
lization occurs by nucleation and growth process similar to the most
popular phase change material used in memory devices. At high tem-
peratures the capacitance decreases and eventually it becomes nega-
tive. The conductance is ﬁeld independent, and it increases ex-
ponentially with temperature with activation energy of =E eV0.79v .
This value is less than half the optical gap, =E eV2.05g , measured
from the optical absorption and the Tauc’s model. Moreover, Raman
analysis shows a wide band spectrum from 300 to 410 cm−1, and others
in the range 500–700 cm−1 that may correspond to Cobalt vibrational
modes. Using low power laser beam for excitation allows deﬁning sig-
niﬁcant peak positions at 325 cm−1 and 350 cm−1 for the bond
stretching mode Sb-S and Ge-S, respectively.
Acknowledgements
This work is funded by the University Program for Advanced
Research - United Arab Emirates University, (project no. 31S313).
Fig. 6. The conductance-temperature dependence of the ﬁlm.
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